


\

A MATERIALS VIEW OF ICE

by
ERLAND M. SCHULSON

Thayer School of Engineering
Dartmouth College
Hanover, N.H. 03755

July 15, 1982
(revised December 17, 1982)

Prepared for

SHELL DEVELOPMENT COMPANY
Houston, Texas

P SRR



ABSTRACT

This report considers the mechanical properties of ice lh from a
materials point of view. Topics include phygiqa11y based constitutive
relationships, uniting strain rate, stress and temperature; strength under
uniaxial tension and compression; the effects on strengfh of grain size,

specimen size and surface condition (?); the effect on the compressive

.peak stress of hydrostatic pressure and of general multiaxial loading in

compression; and the role of fracture mechanics in predicting the strength
of ice containing flaws. A number of explanations are presented, and a
"working hypothesis" is proposed for predicting the peak strength of a

multiaxially loaded columnar ice.  Four -appendices are included: the

first presentsan experimental sub-study on the velocity of ultrasonic

waves through sea ice; the second is a comment on a criticism of the

Arrhenius description of the thermal dependence of creep; the third

~considers an analytical basis for incorporating pressure-melting effects

\\

into the constitutive relationships for ice; and the fourth considers

grain growth in ice at -10°C.
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SUMMARY

This report considers ice from a materials perspective, with the goal of
obtaining insight into the mechanical behavior of an ice sheet as it moves

against an engineered structure. The main pointsare summarized as follows:

(i) The relationships between the rate at which ice deforms plastically

and the stress dr1v1ng that deformation are presented mathematically in terms
of the phys1cal parameters characteristic of ice, and graphically in terms of
deformation mechanism maps as published in the 1iterature. The latter is
particularly useful, because it indicates the range of temperature and stress
(or deformation rate) over which empirical relationships are expected to be
valid. Moreover, it proyides quantitative data for any point in temperature/
stress space for steady-staté flow. Deformation rates under complex states df
loading are incorporated in terms of the shear stress effective in promoting
ﬁlastic flow. One.shortcoming, which could be overcome with additional analysis,
is that neither the mathematical fomulations nor the maps as now developed

consider short-term (i.e. transient) behavior.

(ii)  The load-bearing capacity of ice under tension is generally determined by
the stress required to nucleate cracks, in which case the strength increases as
grain size decreases. If cracgs exist prior to loading, then the tensile strength
is probably controlled by the 1en§th of the crack and by the inherent resistance

of the material to crack propagation (i.e. by its fracture toughness).

(i11) When slowly strainéd, the load-bearing capacity of ice under compression
(the so-called peak strength) appears to be controlled by a combination of
localized’cracking and pTastic deformation. Hydrostatic pressure suppresses
cracking, and thereby allows ‘the pegk strength to increase significantly and
"ductile" behayior to be observed at. relatively high (9‘i0'3 sec'l) rates
gf straining. Whether grain size affects the peak compressive strength remains
to be studied carefully.

iv.



(iv) Under multiaxial loading, the peak strength of sheets of columnar-grained
(S2) saline ice increasés dramatically. For éxahp]e, at -10°C and at moderate
rates of straining, the peak strength increases by approximately five times
under symmetrical biaxial loading in the plane of the sheet and by more than eight-
fold under symmetrical in-plane loading plus Toading perpendicular to the plane

of the sheet. An ana]yéis of published data suggests that if the ratio of the
three prfncipa[ stresses is  known, then the peak strength can be predicted

by invoking the concept of a critical shear stress.

(v) Comparison with ceramics suggests that while the tensile strength of ice
may be sensitive to its surface conditign, annealing following surface preparation
is an effective method for reducing such sensitivity. An analysis based upon
surface diffusion predicts reasonably well the time and temperature needed to
suppress surface sensitiyity in ground ceramics, and suggests that a one-day

anneal at -10°C should be sufficient to suppress sensitivity in coarse-grained ice.

(vi) The nucleation and propagation of cracks play a.major role in determining
the strength of ice. Cracks, once nucleated by slip, may grow slowly, may increase
in number, or may propagate rapidly if the tensi]e'streés normal to the plane in
which they 1ie is sufficiently large. The resistance to cracking is thus of

major interest when dealing with ice forces on structures. Under tensile loading
or bending, ubper and lower li;}ts on ice strength, respectively, can be estimated
from the stress to nucleate cracks within an aggregate of a given grain size and

from the stress to; propagate pre-existing cracks. The upper limit is calculated

L from dislocation micromechanics and the lower limit, from fracture mechanics.

(vii) Experiments performed during the course of this study revealed that the
velocity of sound waves through ice taken from pressure ridges within the
Beaufort Sea appears to be iﬁdependent of the depth beneath the surface from
which the ice was taken. In view of the }ariability éf the ice examined, it is
~Probable that the velocity of sound through ice, unlike that through cast iron,

will not correlate with the tensile strength of this material.

V.
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I. INTRODUCTION

The purpose of this report is to present the results of some part-time
thinking over the past six months on the subject bf ice 1h as a material.
Mechanical behavior was of foremost concern and so the report is restricted
to this aspect of the subject. Many of the exb]anations and analyses are
tentative and require further testing through experiment. They are included
because they may help to guide experiment and, possibly, to interpret results.

During the course of the work, a duestion arose concerning the possi-
bility of using ultrasonics, particularly wave velocity; to characterize sea
ice. This method is currently being used to characterize cast iron(l) and -
provides a means for predicting the tensile strength of that maferia]. A
small experimental program was fhus carried out. The results were reported

(2)

earlier but, for éompletiogé are given in Appendix 1 as a separate réport,
entitled: “The Velocity of Uitrasonic Waves Through Sea Ice Taken from
Pressure Ridges Within the Beaufort Sea". ‘

We open with a short consideration of the effect of porosity on Young's

Modulus, another point which arose during the course of the work.

2. YOUNG'S MODULUS AND POROSITY

The elastic moduli of solids are measures of the variations in spacing of
/}he individual atoms when the solid is stressed. These moduli, therefore, are

directly related to the energy which binds the solid together or, more
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specifically, to the‘curvature of the inner potential function at the equi-
librium atomic spacing. Defects such as impdrify atoms, dislocations and
grain boundaries comprise only a smq11 portion of the total number of atoms
within a solid and so modify only a small fraction of the atomic bonds. ~ For
this reason, the elastic moduli are essentially insensitive to the micro-
structural features noted. They are, however,:sensitive to second phases.
In ice,.this trans]ates to a sensitivity to brine pockets and to air bubbles;
i.e. to porosity.

Appropriate functions to account for the effect of porosity, p, on Young's
Modulus, E, were obtained from the ceramics Titerature which contains informa-
tion on the effect of porosity (which remains after sintering powders together)

on mechanical properties. One of the functions employed is:(3)

where A is a numerical constant. Another, derived specifically for spherical

holes and for a solid whose Poisson's ratio = 0.3, 15:64)
- 2
E = Eo (1 - 1.9p+ 0.9 p9). . (2)

Note that both expressions reduce to F = E0 and to E = 0 in the limits
p=0and p =1, respective]yf/ E0 is the modulus of ice of theoretical
- density. ' ‘
Equation (2) has been applied to Sintered a]umina(s) with excellent
'agreehengl For this reason and because Poisson's ratio for ice is = 0.3, it
is the one suggésted for ice. Figure 1 shows the variation in E/E0 which is
to be expected on this basis. MNote that a porosity of 10% imparts > 10%
reduction in E.

The dbove equations apply str{ctly for-pores of one size distributed more

or less uniformly throughout the material. Variations in size, in distribution

and in shape may affect the relationship.
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3. CONSTITUTIVE EQUATIONS AND DEFORMATION MECHANfSM MAPS

In dealing with the plasticity of materials, it is desirable to have:

available a series of constitutive relationships which connect stress, strain

rate and temperature. Preferably, such relationships should be based upon the
mechanisms underlying plastic flow and, accordingly, should include materials

parameters such as shear modulus, diffusion coefficients, grain size, disloca-

. tion density, etc. Physically based relationships are more desirable than

empirical ones, because they delineate regions in temperature - stress space

within which particular relationships between stress and strain rate are valid.

- In other words, they indicate just how far one particular relationship can be

—
-

extrapolated meaningfully. .
Ideally, constitutive relationships should also incorporate strain and

time induced changes in the microstructural state of the material -- i.e.

transient flow as well as steady-state behavior should be included. However,

such "all encompassing” relationships based entiré]y upon physics have not yet
been developed, mainly because the microstructural state during transient flow
is not well undérstood in any material.

Attention here is thus focused on the steady-state behavior of equiaxed
and randomly qriented polycryQtals. The goal is to consider the physically
based constitutive laws for/@ca, and to present these laws graphically in the
form of a deformation mechaﬂfsm map. While isotropic ice is featured, extension
of the idea to textured (e.g. S2) ice could be made through geometrical factors,
derived and verified by creep experiments, which relate the orientation of the
slip planes to the axes of loading.

What are the underlying mechanisms? whiéh one dominates under a specific
set of conditions? Concerning the first question, there are relati?e]y few
processes which lead to plastic f[dw, not only in ice, but also in other
crystalline solids. These are:

- Dislocation glide or slip, which is controlled by the afomic:bonding,
by crystal structure, and by obstac1e§ such as grain boundaries and

other dislocations.
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- Dislocation g]idé plus climb, Teading to power law creep (termed
Glen's Law in the iée 1iterature) known also as dislocation creep.-

- fofusional.f1ow in which atomic diffusion occurs either through the
lattice (termed Nabarro-Herring creep) or along the boundaries of

grains (termed Coble creep).

Generally, dislocation glide dominates the deformation process at tempera-
tures below = 0.3 Tm’ where Tm is the absolute melting temperature; i.ef at
tempefatures where thermal energy is insufficient to activate the movement of
vacancies. This mechanism may also dominate at much higher temperatures under
high rates of deformation (= 10'1 séc'l). Dislogation creep becomes important
at temperatures above about 0.3 Tm’ where dislocations not only glide under
applied shear stresses but é]so climb via the migration of a vacancy to the
core of edge dislocations. Plastic flow is thus possible at a Tower stress
than would be required for g]idern1y.. Diffﬁsiona1'f10w operates at hfgh
temperatures and at stresses which are too low to move dislocations at signifi-
cant speeds. In this mechanfsm; atoms diffuse from speéific sources on grain
boundaries which bear a compressive stress to sinks on other grain boundaries
which bear a tensile stress. Diffusion from source to sink, which occurs
across the grain by lattice diffusion, is termed Herring-Nabarro creep, while
diffusion along grain boundaries is called Coble creep.

Mathematical expressions have béen developed for each of these processes,
based upon physical parameters. Generally they express the steady-state strain
rate as a functjon of temperature and shgar stress; grain size and dislocation
density are included where appropriate. Modéls applicable to a variety of
ionically, covalently and metallically bonded soTids can be found in refer-
ence (6) where the first defprmation map for ice appears.

Concerning ice, theory(7) indicates that only two of the above mechanisms

-are impor;ant -- dislocation glide and diffusional flow. Dislocation creep,



in which the.rate-limiting step is the diffusion of vacancies to edge disloca-
giong (climb being slower than glide), appears not to be significant here,
.evident from the'facfs that additions of HF (% few ppm) increase(g) the creep
rate but have no effect(g) on the diffusion rate of tritium which diffuses in
ice at the same rate as H20.(10) Glide and diffusional deformation have been
_mode]]edc7) and the formulations are listed in Table 1. Note that the expres-
sion given for glide which dominates at high stresses incorporates an exponen-
tial term*which decreases in magnitude with increasing stress, implying that
the thermal sensitivity of the strain (or creep) rate decreases with increasing
stress. The meaning of the symbols and their values are listed in Table 2.(7)
Given the constitutive relations, one can cé]cu]ate the strain rate
produced by each mechanism for a given set of experimental or field conditions.
Sihée glide and diffusional flow are independent processes, the total (steady-
state) strain accumulated is the sum of that produced by each mechanism acting
separately, in which case the total (sfeady—state) strain rate, ¥, is also the

sum of the two individual rates; i.e.

Y7 Ygride * Vaiffusion: |
The dominant mechanism is the one which contributes more than the other for a
given set of conditions. .

This kind of analysis caé be expressed as a plot in temperature - stress
space, one plot for a given grain size. In so doing, one obtains a visual
impression which shows the region over which one mechanism dominates.
Boundaries -- i.e. where two mechanisms contribute equally -- are defined by
equating pairs of constitutive équations and then by solving for stress as a
function'of temperature. Graphical presentations of this form are termed
deformation mechanism maps.(ll) Any pair of values for temperature and stress

locates a point on the map which then identifies the dominant mechanism (or

“mechanisms if the point falls on a boundary). The strain rate can then be

*Comments on the Arrhenius description of deformation rate are given
in Appendix 2. '
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Table 2. Data used by Goodman, Ashby and Frost (ref. 7).
for constructing deformation mechanism maps

3.27 x 10729 p3

Q
Burgers vector b 4.52 x 10710 m
Melting temperature » T 273-15 K
Shear modulus G ' 2.91 GN m-2

-Atomic volume

(adjusted to 300 k)

Temperature dependence of the modulus  (1/G)(dG/dT) 1.29 x 1073 ¢!
Pre-exponential for lattice diffusion Dov kT 9.13 x 1074 p? 51
Lattice diffusion coefficient : D] = Dove
Activation energydggzu;?§§1ce Q] 59.4 kJ mo]'l
Pre-exponential for boundary diffusion Dob QKT 9.13 x 10'4 m2 S'1
Grain boundary diffusion coefficient D, =Dy, e °
Activation énergy fogiggggig;y | Qb 38.3 kJ mo1-!
Width of boundary diffusion path 5 9.04 x 10710
Pre-exponential for proton- ) a ' - 1.2 x 103
rearrangement controlled glide . o

O earrangenest controniod glide  Fr T (¢t B 780 ko mot )
Mean time between proton rearrange- -16

ments at 0 K 1/v, 6.36 x 10 S
Stress constant in equation for

proton-rearrangement o/ G . 0.015

controlled glide _
ideal shear strength (normﬂlized) Oyp,/6 0.10
Defect creation stress (Glen stress) oG/G 0.10 _
Energy to form Bjerrum defect Ef . Ef + Em = 54.2 kJ mo]l
Energy to move Bjerrum defect Em .
Energy of a kink B, 23.9 kJ mo1~!
Boltzmann's constant _ k 1.38 x 10723 J/ K

Grain diameter d
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calculated from the appropriate constjtutive relation. Deformation mechénism
maps are useful because they identify thé constitutive law or the combination
of laws which should be used in engineering design.
-, Maps can be modified to include contours of constant strain rate. This

is achieved by setting the strain rate to a constant value and then by solving
for temperature as a function of stress as dictated by the constitutive rela-
tionship for the dominant mechanism. A point'on a modified map then indicates
not only the dominant strain-producing mechanism, but also the rate of deforma-
tion. Modified maps for metals and ceramics are now available in the form of

a compendium.(lz)

They are useful because they allow an immediate estimate
of the strain rate of a material or component under stress, af least under

' conditions‘of steady state. N

Returning to ice, Figures 2, 3 and 4 show three modified maps for ice of

three different grain éizesb(ﬂ.l mm, 1 mm and 10 mm). They indicate, for
instance, that non-textured aggregates of 1 mm grain size flow at 10™7 sec™}
at -10°C under an effective shear stress of 3 Mpa. : Note that grain
refinement expands the diffusional field at the expense of the glide field,
and that it moves to higher temperatures the boundary between Herring-Nabarro

~and Coble creep (i.e. volume vs. boundary diffusional creep). The maps are
piotted in terms of equivalen; or effective shear stress, and so can be used to

estimate strain rates under conditions of multiaxial loading; the equiva-

Tent shear stress is given as:

1
_ 1 n 2 2 2{( 2
% =3 ‘2‘[("1“’2) + (0-04) +(°3°°11] (3)
where 101, o, and o5 are the principal stresses. Similarly, the contours are

of equivalent shear strain rate giVen-by
_ -\ L
o 2 . - 2 . - - - 2
Y= 13 [%el - g+ (52 T C3)2‘—-(63 B EI)ZJ ' “

“where él’ é2 and é3 are the principal strain rates.
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for ice. While they woufd not be as well based upon physics as the ones p}e-

sented here (because transient strain.WOUId be modeled phenomenologically),

they might have greater engineering value because all strains would be shown,

including an elastic field within which the elastic strain exceeds the total

plastic strain.

_ Implicit in the presentations of the deformation mechanism maps is the

view that high rate deformation can occur without fracture. The maps, then,
~should really be viewed as diagrams which characterize flow when a sufficiently

large hydrostatic stress, known from extrusion studies(ls) to suppress fracture

in ice, has been added to the effective shear stress causing flow. Also implicit

is the assumption that hydrostatic pressure per se does not significantly affect
"~ the flow stress, as suggested by experiment(ls) and discussed more fully in

Section 6 of this report. However, pressure does lower the melting point* and,

thus, indirectly affects the flow stress, as discussed in Appendix 3.

Althouéﬂ different, ice is not unique in all its characteristics.v The

(12) shows that, Tike ice, the covalently bonded substances

compendium of maps
silicon and germanium also possess small fields of diffusional creep. (Inter-
estingly, the elements noted possess the diamond cubic crystal structure, also
~possessed by ice when formed by depositing water vapor onto substrates cooled
bciow = -150°C.(17)) This characteristic reflects the fact that the diffusion
coefficient in these three.sofidé, at a given fraction of their melting points,
is smaller by two to three orders of magnitude than that_in'every other class

(18

of solids, ) Figure 6.

Before closing this section, it is noted that a phenomenological approach
to ihe problem of modelling the transient and steady-state flow of polycrystalline

d (19,20)

ice has been published. While potentially useful, such a treatment as

currently developed suffers from the lack of a physical connection. Moreover,

— *Pressure reduces the melting point of ice at the rate of 1°C
for every 10 MpPa.
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it provides little gu%dance concerning the temperature/stress regime in which
the proposed re]ations are valid, and it appears to ignore materials paraméters.

To summarize, physical models of the steady state deformation of ice have
recently been published and have Ted to constitutive relationships incorpor-
ating materials parameters. Such re]ationship§ have been used to generate
deformation mechanisms maps. The maps can be used to estimate the steady state
flow rate for an aggregate of specific grain size subjected to a known stress
at a particular temperature. In addition, they indicate which mechanism con-
tributes more than any other to that flow and, consequently, can be used to
estimate the stress sensitivity of the flow rate at a given point in tempera-
ture-stress Sﬁace. Transient maps which show th; total strain accumulated for
a given time af the same point in temperature/stress do not exist for iﬁe,

T

but could be computed.

4. STRENGTH UNDER UNIAXIAL LOADING

The purpose of this section is to consider the natﬁre of yielding and
fracture in ice loaded either in tension or in compression at a constant rgte
-of deformation. Again, attention is focused on the behavior of equiaxed and
randomly oriented polycrystals of constant grain size. Unless otherwise
stated, it will be assumed that the material is free from cracks prior to
loading. Uniaxial loading is considered here and multiaxial loading, in

Section 7.

4.1 Tension
Consider firsf loading in tension. As the stress rises through the
elastic region, the induced shear stress eventually reaches a point where
sources of dislocations within graips or on grain boundaries begin to operate.
Dislocations then start to move through those grains most favorably oriented

—with respect to the tensile axis (i.e. grains within which thé orientation of
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the pasa] plane i§ iné]ined at n45° to the tensile axis). They pile up at the
boundaries with adjacent grains less favorably oriented for slip, Figure 7:
Stress and elastic strain concentrations are thereby produced at the tips of
such pileups. At fhis stage in the deformation, only localized microplasticity
has occurred. Upon raising the stress, other g}a%ns less favorably oriented
with respect to slip begin to deform plastically leading to more pileups. In
the meantime, the stress/strain concentration at the first pileups increases,
mainly through the addition of more dislocations, until it is sufficient either
to nucleate a microcrack or to propagate slip into an adjacent grain. Generally,
slip propagation is very difficult, and so cracks prefer to be nucleated instead.
The ‘question is: Will the cfécks, once formed, propagate immediately and lead
to brittle fracture? Note that we have in ice a more complicated situa-
tion than the one treated by Griffith(21) who considered the propagation (and
not the initiation) of pre-existing surface or internal cracks in a purely
elastic medium. |

Before answering the question, it is worth repeatihg that at this point
general plasticity has not occurred throughout the polycrystal. For hexagonal
materials like ice and the meta1s zinc, cadmium and magnesium which s1ip easily
only on the basal plane, general plasticity throughout po1ycrysta111né aggre-
gates occurs only when additional "hard" glip systems, crystallographically
different from the "soft" basal ones, become active. This is because at least
four independent s1ip systems are required for some general plasticity in such
materia1s.(22) Slip on the basal plane provides only two. The "hard" plane
in polycnysta]fine ice is probably the brismatic plane or a pyramidal plane.
In any case, it is important to appreciate that even though general plasticity

is Hifficult, general microplasticity is not.

~ Returning to the question of whether freshly nucleated cracks propagate,

_we invoke the concepts of fracture mechanics (considered more fully in Section 9
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Figure 7. Sketch of a dislocation pile-up at a grain boundary in
polycrystalline ice under a tensile stress g3. T4 is an
induced shear stress which operates the dislocation source.
1 is the length of the pile-up. _| ‘denotes dislocations.
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of this report). Consider the stress intensity factor K =Y a; VT, where

Y =1, oi is the stress to cause microyielding on the soft system and, hence,
to cause crack nucleation, and C is the half-length of the given cracks

and is proportional to the grain size,* d. If K exceeds a critical stress intensity
factor, KIC’ termed the plane strain fracture toughness, then the crack propagates
as soon as it is formed and brittle fracture ensues. Otherwise, the stress will
have to be increased further or'the cracks will have to grow (if time permits),
leading to additional microp1asticity and then to delayed propagation or
quasi-brittle fracture. In other words, if the yield stress on the soft system
exceeds the value

I (¢

K. . d%
°F Y*

(6)

(where Y' is.another geometrica]‘factof+) then the crack will propagate
immediately after it is formed; but if o; < Op then the crack nucleated by
microslip will not propagate immediately.

| This account may be furthered by noting that brittle fracture Just occurs
when 0; = Of- An equivalent microstructural criterion may then be obtained in
terms of the resjstance, o?, offered by the ice ]attice and its defects to the
passage of slip disloc;tions on the soft (basal) system and in terms of the

effectiveness, k;, with which grain boundaries impede basal slip. Writing the

yield (i.e. crack nucleation) stress in the form

o) = o} +k>dTE ~ (7)

as recently established for ice(23) and as is commonly the case in brittle solids
(e.q. NiA],(24)-iron(25) and zinc(zs) at low temperatures), and by equating

equations (6) and (7), the microstructural criterion is given as:(27)

L4

%*

C is proportional to d because the wavelength of the internal stress.

caused by dislocations piling up at grain boundaries is about equal to d.

Here, "wavelength" refers to the distance within a grain of ice over which
/_the internal stresses reach a peak, fall, and then reach another peak.

*For penny-shaped cracks, Y' = 0.6, assuminglthat the crack length equals d/2.
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whe}e dz is analogous to a critical crack si?e, and Y = %T . Cracks in grains
larger than dC propagate immediately while cracks in smaller ones do not. In
other words, dC is a critical grain size: cracks formed.within aggregates for
which d <.dz 'are stable, whereas those formed within polycrystals for which
d> dz are not.

Figure 8\i]1ustrates this analysis. It should be noted that even if

d < dz general plasticity will not necessarily be observed. For such plasticity

to occur, it is suggested that d must be less than dg, where d2‘< dz and is
given as:
. 2 -
h
: Y" K;r = k
h IC y

where c? and k; pertaih to dislocation glide on the "hard" system. Three

regimes of behavior can be distinguished, based upon grain size: brittle

behavior for d > dz, quasi-brittle behavior for dz <d < dz, and even ductile
behavior for d < d2. For fresh-ﬁéter ice tested in tension at -10 C at 10°° S’l,

Ko = 0.1 Mpa. %, (28:29) 5 - g 6 wpa(23) 4 kS = 0.02 Mra. n2, (23]

giving dz =~ 15 mm. The critical grain size for macroscopic ductility, dg, is
thought to be <1 mm,* since noticeable plasticity was not evident under the
conditions cited. This result implies that .c? 3’&5rPa,1f¥k;'= kg, in keeping
with the observations that "hard" glide in single crystaﬁs requires a level of
stress about ten times that for soft glide.(30) That d2 is so small implies
that ductile behavior in tension, at least that due solely to dislocation flow,

is improbable in real ice where ultrafine grains (< 1 mm) seldom occur.

~  *The smallest grain size examined in Ref. 23.

+ . h .

Equating ky to kﬁ s done for convenience. Whether the equation is valid
@ay;.fge 3$dged through theoretical calculations. .Experimental verification
1s difficult.
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Sketch illustrating three proposed regions of behavior for
polycrystalline ice under tension: brittle, quasi-brittie,
and ductile. Brittle behavior is proposed for aggregates

whose grain size is larger than d2; quasi-brittle behavior

for di >d >dh and ductile behavior for d < dfi. The
c

parame%ers dsang d¢ are proposed critical grain sizes for slip
on "soft" and on "hard" systems, respectively.
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(27) and, although

This analysis is an.exten51on of one published earlier
tentative, offers a const1tut1ve relat1onsh1p for the brittle to quasi-brittle
transition in tension. The novel feature is that it incorporates both grain
size and the concept of "soft" and "hard" slip systems. Therma] and rate effects
are implicit, mainly through o5 (much as they were presented earlier in connec-
tion with the constitutive equations for plastic flow) but also through vari-
ations in KIC(ZB’ZQ) (discussed in Section 9). If correct, the analysis suggeéts
that the tensile strength of an aggrégate of mixed grains may be determined by
the average size of the largest grains within the aggregate and not by the
average size of all grains.

While the foregoing discussion applies specifically to crack-free ice,

" the same iaeas apply when dealing with the behavior of ice which is cracked
prior to 1oapfng. Thus, if the cracks are smaller than dz (set by the
temperature and strain rate of interest), then they have little effect in
reducing the strength. But 1if they are larger, as they would be in a coarse-
grained aggrégate, then they weéken the material. In this case, the strength
would be given by equation (6) (i.e. the curve on Figure 8 which passes through
the origin)f That sucﬁ predictions are credible is evident from the facts

. that the tensile strength of ice taken from the St. Lawrence River(31) and
presumably cracked (the author's presumption) is directly proportional to
d’%, Figure 9:% the constant/;r proportioha?ity, 0.08 MPa s m%, is very close

to the plane strain'fracture toughness of ice_(28,29)

We have, therefore, a conceptual cum quantitative basis for considering

the tensile stfength of ice. The question now is to consider the compressive

strength.

*Miche1(31) did not specify the temperature and strain rate,
Temperature was probably = -10°C; strain rate is not too important

‘for tensile behavior at rates above 10"6 S’1 at -10°C,

—

: - . . 31
*The author obtained the data for Figure 9 from M1chg1 s Figure 6.( )
Numbers are listed in Table 3. :
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Table 3. Strength Data (from Miche](3!)
on St. Lawrence River Ice -

Grain Size, d

"Esimglgé)with + 20% Type of % No. ,
according to Michel Ice (MPa) Points d? (m2)
(1.5 + 0.3) x 1073 4 2.1 40.3 14 25.8
(2 +0.4) x 1073 n 1.6 +0.1 3 22.4

(3+0.6) x 1073 T 1.5 +0.2 8 18.3
(4 +0.8) x 1073 T 1.4 +0.2 2 15.8
(5 +1.0) x 1073 s2 1.1 +0.1 2 14.1
(6 +1.2) x 1073 s2 1.0 +0.1 8  12.9
(7 +1.4) x 1073 s2 1.0 +40.1 4 12.0
(8 +1.6) x 1073 2 1.0 40,07 3 11.2
(9 +1.8) x 1073 S2 0.9 +0.06 2 10.5

4.2 Compression

Fundamentally, the nucleation of microtracks under compressive loading
occurs in the same way as it does under tension. Thus, for ice of a given grain
size deformed at a given rate at a given temperature, the axial
stress necessary to nucleate cracks is the same as it is in tension. The
lengths of the cracks are also the same; 1i.e. about one-half of the grain diameter.

Under combined loading, again the same value of the effective or equivalent

shear stress (defined in Section 3) . 1s required to nucleate cracks, and the

same length results. The question thus turns to the stability of freshly

nucleated cracks, for under Compression tensile stresses are induced at crack

_tips.
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Based upon the theory of crack propagation through a purely e]astié
medium (i.e. the Griffith theory), calcd]ations(32) suggest that the compres-
sive strength of solids confaining randomly oriented cracks is 8 times the
) teﬁ;i]e strength of the same material. Under biaxial compressive loading the
ratio is even greater. While this theory (with certain modifications(33))
works well for rock,(34) it has been said(35) not to apply for ice for which
the ratio of the cdmpressive to the tensile stress, cc/oT, to cause fracture
is closer to 5 or sma]]er.(36)

It is not surprising that cc/oT <8, at least for "warm" ice; i.e. ice
fractured around -10°C or so. At these temperatures, ice is capable of plastic
flow (as demonstrated by creep tests) and, therefore, is not the purely e]astié

 solid for thch the theory is,fntended. Another reason, probably the more
important, is that the theory is strictly applicable to crack propagation.
As we saw in Section 4.1, propagation cannot occur until cracks are nucleated;
in tension the stress to nucleate c}acks is higher than the stress to propagate
them, thereby effectively lowering the ratio of compressive to tensile
strength. This explanation could be checked experimentally by testing at high

3 S'1 at -10°C) pre-cracked ice in tension and in compression.

strain rates (510
~Rather than elaborating further on the oc/oT ratio, however, our purpose now is

tc consider the stress/strain curve in compression.

Figure 10(13) illustrates a typical cdrve for low defofmation rates

(< 10"4 S'1 at -10°C). The first inflection corresponds .closely to crack
nucleation, evident from acoustical(37) emissions accompanying its occurrence.
This we call the yield point. Could the cracks have propagated immediately (in
an elastic fashion) under the tensile stress induced at their tips? On the basis
of crack propagation in tension, discussed above, and by incorporating the |
elastic theory, a critical crack length in compression may be estimated from

the expression:

—
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where A > 8 is the ratio of the compressive to tensile strength as determined
by crack -propagation.* This exceeds about 850 mm for low rate deformation (10'6 S'l)

S

at -10°C (using the same K k; and oy as given above)! Clearly, cracks this

ic’

size are just not permitted in laboratory tests, implying that true brittle

fracture under uniaxial compression is highly improbable in experimental situations.
Note that the so-called "brittle fracture" which occurs in compression(36’38)

3 to 10'2 -1

at deformation rates higher‘than about 10~ S © is then not really
brittle fracture in the strict sense. It is fracture via a brittle mode which
occurs once the compressive stress has risen sufficiently to propagate the cracks
: nuc]eated'by microplastic flow on the soft slip system. In other words, micro-
plasticity in addition to thaf‘required to nuc]eate.the cfacks in the first place .
probably occurs before the material becomes sufficiently.high}y stressed to fracture.
Returning to the stress/strain curve, the stress continues to rise after
cracks begin to nuc1eate, but probably does not reach the level needed to activate
general slip on the "hard" system (about ten times as hard as the basal system(30)).
The strain hardening which is apparent is then considered to be largely elastic
in nature, originating in the -elastic deformation of grains less favorably oriented
| wiln respect to slip but within which micropla;tic flow has occurred. During
hardening, the cracks originai]y nucleated may grow, if the deformation rate ‘is
Tow enough, while new ones form. Microstructurally, the_nuhber density of
microcracks increases and the load bearing area decreases.
The foregoing comments suggest that if the stress were held constant at

some level between the yield point and the peak stress, crack growth may occur,

leading eventually to fracture. . From a practical point of view,

*When nucleated under uniaxial compressive loading, cracks are not randomly
oriented. Rather, they are aligned more or less along the compressive axis.

— For this reason A exceeds 8, approaching values as high as 15 or higher for
cracks aligned around 10° or closer to the loading direction.
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"creep crack growth", if real, could lead to lower ice-induced forces on
engineered structures when the movement of an ice sheet is interrupted.'

What accounts for the peak stress? Microstructural softening, such as

the development of a preferred orientation (mo§t recently reported(39) in ice

compressed in plane strain at -1°C) or dynamic recrystallization (also known

(40) (41)

to occur in ice and seen in metals strained above 65% of their

melting points), is improbable for two reasons. Firstly, the magnitude of the

strain prior to softening is only about 0.01 (i.e. = 1% shortening] at which

level neither preferred orientation deve]ops,(39) at least at -1°C, nor is
recrystallization to be expected. And, secondly, the axial stress corres-

ponding to the onset of microstructural softening should not be significéntly

dincreased by hydrostatic pressure, whereas the peak stress is (discussed in

Section 6). More probab1e‘is a mechanism related to the combination of

cracking and dislocation slip, cracking so intensifyiné the shear stress

_within localized regions around the cracks that both "hard" and "soft" slip

\ A

may operate. According to such a mechanism, genéral plasticity via the "hard"
and "soft" systems becomes possible when the volume fraction of cracks reaches
a critical level. The softening which follows might then be caused by the
rapid multiplication of slip aisiocations and thus by the requirement ofva
lower applied stress to maintain tﬁe ﬁtrain rate, Y. In‘other words, because
Y = fbv, where P is the mobile dislocation density, b 1is the dislocation
Burgers vector; and v is the dislocation velocity, and because v decreases as
stress decreases, then as P increases. ‘the flow stress decreases. Hydro-
static stress suppresses cracking, and so higher levels of applied stress are
needed to activate the combined f{ow procésses. That dislocation slip plays

a significant role on the down-hill side of the stress/strain curve is evident
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from the strain-rate.sensitivity of the down-hill stress: an incremental
increase in rate increases this stress.(36)

This is not to say that cracking ceases to be a strain-producing mechanism
once the peak stress is reached. Rather, the rate of cracking probably falls
offlon the down-hill side because an additioﬁa] strain-producing mechanism --
i.e. hard slip -- is now thought to be operating locally.

At high strain rates, a higher level of stress is probably required to
activate the "hard" system. Moreover, there is less time for dislocation
processes to relax the stress at the tips of cracks. Consequently, the stress
‘intensity at crack tips probably reaches the critical value before "hard slip"
is activated. As a result, fracture occurs before a peak is reached.

This explanation implies that hydrostatic pressure, by inhibiting crack propa-
gation, should allow a peak stress at high deformation rates. Results sup-.
porting this suggestion have recently been pub]ished.(42)
| Ostensibly, the strain rate distinguishing "brittle" from "ductile"
behavior might be expected to decrease with decreasing- temperature. However,
because KIC increases with décreasing temperature (unusual, but evidently

'true, as discussed in Section 9), the transition rate is not expected to be
highly thermally sensitive, as ébserved,(Bg) Figure 11.

Thus, this physical intehpretation, tentative though it is, accounts quali-
tatively for the occurrence o} the peak stress in compression. It suggests
that the magnitude of the beak might be lessened should a period of “creep
crack gfowth" be permitted before loading is resumed. Moreover, it suggests
that the transitional strain rate from brittle to ductile behavior and the
attendant peak stress will increase with hydrostatic pressure, in keeping with
two points recently observed. How good the explanation really is, however, can

only be judged through systematic experimentation and by more detailed modelling.

3
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Figure 11, Graphs of the maximum or peak strength in cbhpression
(i.e. peak stress of Figure 10) versus strain rate as a
function of temperature (taken from Reference 38):

a) frazil ice
b) snow ice _
" ¢) columnar ice loaded in a direction
perpendicular to the columns
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5. FURTHER COMMENTS ON GRAIN SIZE EFFECTS ON STRENGTH

In Section 4.1 it was noted that grain refinement increases the tensile
sfrength of ice and, although improbable in practice, may impart a small amount
of macroscopic plasticity in tension. Here, attention is focused on the
effects of grain size on the compressive strengih; Ocs taken as the maximum

peak stress obtained at low strain rates (Section 4.2).

(43) (44) .,

Two series of experiments, one on granular ice and the other

columnar ice (S2 type), suggest that ¢ 1ike the tensiie strength, increases
as the average grain size, d, decreases. For instance, at -10°C and 107 S'l,

e increases from 2 MPa for d = 10 mm to 3.8 MPa for d = lmm, independent of

the type of ice. Again, the functional relationship is of the type:

o = of + k§ a (11)

where, for thé conditions noted, og =1 MPa and kg = 0.1 MPa~m%. Both og and
k§ are larger than their counterparts in the relationshih for tensile strength
(equation 7, page 20 and 21), probably because different levels of plastic.
strain were incorporated in the evaluation of the parameters in'thg two cases;
i.e. 3x 10°% versus = 1072 compression.

These experimenfs sugges} wnat grain refinement significantly increases
the crushing strength of ice. Others, on the other hand, suggest that grain

(45)

size has no effect. Sixty-two experiments on aggregates of granular ice

having grains averaging from 0.5 to 2 mm in diameter reveal no consistent

variation in strength with grain size, but indicate instead a maximum stress

of 7.5 + 1 MPa at -10°C at 5 x 1074 571,

Why the difference? One possibility is that the ratio of grain sizes

was different -- i.e. approximately an order of magnitude in one case(431 but

only a factor of four in the other.(as) Yet, even a factor of three in grain
- (44)

size (fromd = 6 mm to d = 2 mm) indicated a strengthening e%fect,

eliminating the suspicion of the ratio of largest/smallest grain per se.
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5. FURTHER COMMENTS ON GﬁAIN SIZE EFFECTS ON STRENGTH

In Section 4.1 it was noted that grain refinement increases the tensile
strength of ice and, although improbable in practice, may impart a small amount
. of macr§scopic plasticity in tension. Here, attention is focused on the
effécﬁs of grain size on the compressive strength, o., taken as the maximum

peak stress obtained at low strain rates (Section 4.2).

(43) (aa)

Two series of experiments, one on granular ice and the other

columnar ice (S2 type), suggest that oc,llike the tensile strength, increases
as the average grain size, d, decreases. For instance, at -10°C and 107° S'l,
oc increases from 2 MPa for d = 10 mm to 2.8 MPa for d = lmm, independent of

the type of ice. Again, the functional relationship is of the type:

o = og + k§ 4% (11)

e

where, for the conditions noted, og = 1 MPa and k= 0.1 MPa:mZ2, Both cg and

y
k§ are larger than their counterparts in the re]ationsh{p for tensile strength
(equation 7, page 20 and 21), probably becéuse different‘1evels of plastic
strain were incorporated in the evaluatéon of the parameters in the two cases;
i.e. 3x 10°% versus = 1072 compression.

ihese experiments suggest that grain refinement significantly increases
the crushing strength of ice.” Others, on the other hand, suggest that grain
size has ﬁo effect. Sixty-two experiments(45) on aggregates of granular ice
having grains averaging from 0.5 to 2 mm in diaﬁeter revéa] no consistent
variation in strength with grain size, but indicate instead a maximum stress
of 7.5 + 1 MPa at -10°C at 5 x 10°% 571,

Why the difference? One posaibility is that the ratio of grain sizes ,
was different -- i.e. approximately an order of magnitude in one case(431 but

only a factor of four in the other.(45) Yet, e@en a factof of three in grain

—size (fromd = 6 mm to d = 2 mm) indicated avstrengthening effect,(44)

eliminating the suspicion of the ratio of largest/smallest grain per se.



~3b~

Another is that the range of sizes differs significantly: the range 0.5 to 2 mm
contains fine grains which probabfy.grow+ to ‘around 1 mm during storage at -10°C,
thereby reducing the effective range investigated; the range 1 mm to 10 mm
contains relatively stable grains. A third possibility, less likely than the
second, is that the strengthening effect noted at a strain rate of 107 571 4s
suppressed upon increasing the deformation rate by a factor of 50.

InéidentaT]y, conflicting results concerning grain size effects on the
strength of ice have also been reported in relation to creep deformation.
One set(46) suggests a rather complicated behavior in which the creep rate
‘first decreases and then increases upon increasing grain size from 0.7 to 2 mm.

The other set(47)

indicates no change over a range of grain size from 1 to 10 mm.
This conflict probably reflects some uncertainties about the first set of experi-
ments: it is not clear that secondary creep was actually measured, nor is it
clear that a sufficient number of grains (as few as five across the diameter)
eomprised the smallest dimension of the test specimens.

Clearly, uncertainties exist. Until they are clariffed through further
research, it is suggested thét the poSsibility of increasing the com-
pressive strength of ice through grain refinement be kept in mind when inter-
preting data. In so doing, it ehould be noted whether variations in the average

grain size are accompanied by variations in the degree of preTerred orientation

or fabric, for if they are, one éffect could camouflage the other.

6. THE COMPRESSIVE STRENGTH UNDER HYDROSTATIC PRESSURE

There appears to be some confusion in the literature concerning the role
of hydrostatic pressure on the strength of ice. Rigsby,(lﬁl-for instance, con-
cluded from creep studies on single crystals that hydrostatic pressure has no
effect on the rate of deformation, proyided that temperature is measured from

(42)

—~the pressure-melting point.* Jones, on the other hand, recently reported

*Recall that the melting point of ice decreases by 1°C per 10 MPa of
hydrostatic pressure. See appendix 3.

Appendix 4 notes reported data which strongly suggest that grain growth occurs at -1t
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that the peak strength of equiaxed and randomly oriented polycrystals compressed

351 at -11°C is increased from 11 to 21 MPa upon raising the’

at 5.5 x 107° s
confining pressufe from one atmosphere to 34 MPa. How, in one case, can hydro-
static pressure not affect mechanical behavior, yet in another have a signifi-
cant effect?

The answer probably resides in the fact that the two sets of experiments
measured different responses. In Rigsby;s case, plastic flow was occurring.
His experiments, then, show that the effective shear stress necessary to maintain
flow at a given rate is .independent of the hydrostatic component of the stress
tensor. In other wofds, the ease with which dislocations glide in ice -- i.e.
the ease with which this typé of strain-producinb mechanism operates --
éppears not to be significantly affected by stfess normal to the slip plane,
in.keeping with the behavior of most crysia]line solids. In Jones' case, on
the other hand, the pressure probably retarded the growth of cracks which

‘nucleated at the yield point (as discﬁssed in Section 4), thereby decreasing
the total volume fraction of cracks. As a result of fewef stress-producing
defects, higher applied stresses are required to activate slip of the "hard"
system necessary for general plastic flow of the aggregate at high rates. In
keeping with this explanation is the observation(48) that highly confined
sbecimens contain’ far fewer crzcks (as seen by eye) than unconfined ones
shortened by the same amount (s 7%) .

Incidentally, at -10°C, the effect of hydrostatic pressure beins to drop
off for pressures above 34 MPa (at least for rates around 5.5 x 1072 S'l),
owing to pressure melting. Presumably, at lower temperatures where the reduc-
tion in the melting point by pressure does not bring ice so close to melting,
hydrostatic effects will continue to higﬁer levels of stress and even greater
strengthening will result.

It should be noted that under confinement ice can be shortened by 50%

“without falling apart. This limit is a machine limitation and not a materials
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pne,(48) implying that further deformation is possible. This result is remi-

(15)

niscent of the observation that ice can be extruded, noted earlier, and

that even marble can.(ag)

It suggests that under suitable conditions, sea ice
moving against stationary objects may flow rather extensively. |

Thus, hydrostatic pressure is expected to increase the maximum load-
bearing caﬁacity if ice is compressed at rates where relaxation near cracks

5571y, hydro-

is small, and to impart greater ductility. At lower rates (< 107
static pressure will probably be less effective because here relaxation rates

are rapid enouéh to permit plastic flow without requiring "hard" slip.

7. STRENGTH OF ICE UNDER MULTIAXIAL LOADING

From the foregoing discussion it is clear thét the maximum forces exekted
by moving ice against stationary objeéts.wiil be lafger where the ice is in a
'state of triaxial compression than when it is uniaxia11y stressed. How much
larger wi]l probably depend not only on the magnitude of the triaxial com-
pression, but also on the rétio of the principal stresses and on the type of

~ice (i.e. columnar vs. granular). This section considers explicitly the effects -
of general multiaxial compressive loading (as opposed to o, = Oy in the hydro
static case), particularly on the stréngth of S2 type columnar ice.

S2 ice is comprised of égiumnar grains aligned parallel to the‘growth
direction in which the C-axes are randomly oriénted within the plane normal
to the growth direction. This matériaI, like equiaxed and randomly oriented
granular ice, exhibits a peak in strength when it is uniaxially compressed
slowly in a direction perpendicular to the cohlmns.('501 It also displays a
peak when mu]tiaxial]y compressed.(51) ‘

How large is the peak stress for a given stress ratio? Based upon the
explanat%on'presented in Section 4.2, we'expect that the maénitude reflects

—the ease of slip and is a measure of a critical shear stress induced either

— .

through the application of an externally applied stress only or through the
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combined effects of an external stress and the stress-concentrating action of

a critical number of cracks.

With this‘idea in mind, and with the thought that material so highly tex-
tured as S2 ice may undergo extensive flow on only a single slip plane, the
recently published(SI) multiaxial compressive %t?engths for artifically grown
S2 saline ice were analyzed, The raw data are listed in Table 4 and
pertain to material comprised of columns of 5 to 20 mmin "diameter"* and

4 -1

deformed at -10°C at 2 x 107" S™ . 1In each case (numbered 1, 2, 3 ...) the

ratio of the three principal stresses 0] : 0p : 0y remained constant. o
was applied along the axis of the columns, and Oy and O3s perpendicu1ar to the
columns. Also listed are}tﬁe maximum'shear‘éffééses acting on the basal ("soft")
and on the prismatiﬁ ("hard") systems at tﬁe point when the peak in stress was
réached. These shear stresses were computed from the differences in the prin-
cipal stress; 1i.e. from (02 -~c3)/2 for the basal system and from the larger
of (01 - 02)/2 and (cl - 03)/2 for thé prismatic system. Interestingly, the
peak in stress correlates fairly well with either a shear stress on the basal
system of 1.4 + 0.2 MPa or with a shear stress on the prismatic system of °
4.9 + 0.8 MPa. (The "active" system is suggeSted ih Table 4.)' The only
exception is case No. 22; the only hole is case No. 16, the pure hydrostatic
case for whichva pe&k is not expected and for which it is-uncertain as to
whether one was observed. g

It appears, therefore, that we can at least estimate thevpeak stress’
knowing the ratio of 01:0,:04 and by invoking the critical shear stress
hypothesis. However, in so doing, cognizance must be taken of the likelihood
that the critical stress will increase with decreasing temperature, with
intreasing strain rate, and with decreasfng grain size, and that the sensi-

tivities will differ for the two systems. In other words, the numbers deduced

above -- i.e. 1.4 MPa for the "soft" system and 4.9 MPa for the “hard" one -~

*The diameter of the column is regarded as the diameter of the‘1argest‘
inscribed sphere.
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a1
apply only at -10°C at rates of = 2 x 10’4 S'1 for columnar ice 5 to 20 mm
in “"diameter".

Before closing this section, it is relevant to note the magnitude of the
Aeffect'of multiaxial loading on the strength of the columnar saline icé de-
scribed above and tested under the conditions cited. Under symmetrical loading
in the plane of the sheet -- i.e. perpendicular to the growth direction -- the
strength reaches 4.7 times the in-plane uniax{a1 compressive strength (compare.
casés 10 and 2, Table 4). Under symmetrica1_biaxié1 loading in the plane of
the sheet plus compression parallel to ihe grbwth direction, the strength climbs
to 8.5 times the in-plane uniaxial strength (compare cases 19 and 2, Table 4).

The effect of triaxial stress on the compressive strength of columnar ice
is large, and should be investigated for a wide range of temperatures and strain
rates. In so doing, the concept of a critical shear stress.ﬁight be kept in mind
as a "working.hypothesis" and used both as a guide to forming the test matrix

and as an aid to interpretation.

8. SURFACE AND GEOMETRICAL EFFECTS ON STRENGTH

So far, no mention has been made of artifacts. In mind here are possible
effects on tensile strength dué to surface conditior" and possible effects on
boch tensile and compressive/;trength due to ioo-few grains across the
smallest dimension of a testispecimen. This section considers such

~possibilities.

8.1 Surfaée Condition
Ice may be regarded as a ceramic and like many ceramics possesses
considerable strength up to high fractions of its melting point. Indeed,
when its strength is normalized Jith respect to its shear modulus and then
compared with that of other solids at the same homologous iemperature (i.e. at
the same fraction of the absolute melting point), ice is seen to be one of the
strongest'solids;(7) Yet, like many éeramics, ice is macroscopically brittle

up to its melting point. Given these parallels, one wonders whether ice might
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be similar to ceramics in still another way -- namely in terms of the sénsi-
tivity of tensile strength to surface condition. |

Figure 12 illustrates fhe point in mind for magnesia and shows the
effect of machining damage on the rbom-temperature tensile strength of this
ceramic, as a function of grain size.(sz) Coarse-grained material (d > 0.1 mm)
is highly sensitive, so much so that mechanical machining (turning, grinding,
etc.) reduces the strength by almost one order of magnitude. The sensitivity
decreases with decreasing grain size to the extent that it becomes negligible
for aggregates of grains finer than abodt 10 m. This effect is caused by
the generation of surface microcracks and by the pull-out of grains which act
as stress raisers. The d'lé dgpendence (not unlike that of ice(23) (Section 4;1)
and noted in Figure 12) is a manifestation of the fact that the tensile
strength is governed by the plane strain fracture toughness, KIC’ and by
the length of the cracks (proportional to d). ' -

Significantly, the reduction in stréngth due to machining can be lessened
by annealing the machined surfaces. This treatment blunts the damage features
so that they are much less effective as stress raisers.

How probable is a reduction in tensile strength of polycrystalline ice

. due to machining? Without méasurements, definitive statements are difficult
to make. It seems reasonable to expect, however, that some effect may exist,
How long it will exist after/the surface Has been machined‘(say, cutting in
a lathe at -20°C), is another question. If the material is tested immediately
after machining, then the probability for an effect would seem to be rather
high. On the 6ther hand, if the surface is allowed to anneal, then the proba-
bility of a measurable effect is much lower.

How long should the surface be énnea1ed, say at -10°C? Since hlunting
is a diffusion controlled process (probably, surface diffusion), it seems

reasonable to expect that if the product /Dgf* for ice is made similar to

—
=g

*DS is the surface diffusion coefficient; t is time.
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that employed in ceramicstechnolegy, then similar benefits might accrue. For
‘ceramics, DS may be estimated from the volume diffusion coefficients by
éssuming thaf the activation eneréy,'QS, for surface diffusion is one-half of
that for volume diffusion, and by assuming ihatvthe pre;exponentia1 term in
the diffusion equation (DS = DQ e-QS/kT) is the same in both cases. 1In so
doing, the results listed in Table 5 were obtained using data for Mgo(52) and
| ZnO.(53) Interestingly, in both cases /ﬁgi is of the same order of magni-
tude'as the grain size, d, suggesting that a suitable criterion for thermal

annealing is:
Jﬁst = d .« . (12)
(The'author does not know whether this or a sfmi]ar criterion is employed by

ceramicists.) Applying this criterion to ice of d = 10 mm annealed at -10°C

yields an annealing time of:

R G ¢ x 104 (36007l 22 hours
i T 1073 oy 230,000 .
s P 263 x 8.4

D;ce was taken from the 1iterature(54) assuming, as above, that the activa-

tion energy for surface diffusion is one-half that for bulk diffusion and that

the pre-exponential constant in the diffusion equation is the same as it is

for bulk diffusion. 4

Table 5. Calculated Values of vDgt for Annealed Ceramics

Q D Anneal Conditions  vDgt
bulk 2 0
Material (kJ/mole) {m“/sec) T (°C) t (h.) (um)
Zn0 395 1.05 x 107° 1100 35 22
Mg0 640 1073 1500 3 72
Qbulk = activation energy for diffusion; A and D0 are obtained from

Ref. (18). D0 for Mgd is the author's estimate.
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~ Without experimentation, the quality of this estimate -- indeed the
existence even of a deléterious éffect of machining damange on tensi]e.
strength -- canhpt be judged. However, until such time that resu1t§ become
available, it seems prudent to assume the worst and to allow at least one day

at -10°C before testing ice in tension.

8.2 Ratio of Sample to Grain Size

From recent experiments on equiaxed and randomly oriented fresh-water

ice of 1 mm grain size deformed in compression at -10°C at 5.5 x 10'4 S'1

(nominal), it was c]aimed(45)

that for cylindrical specimens, 12 or more grains
across a diameter (not per qross-sectioned areaj are required to avoid an
effect of sample size on phe peak strength. The data in Figure 13 are the
basis for this claim. Curiously, the curve as published suggests that the
effect of too few grains is to'incré;se the strength, presumébly before it
drops off to a value set by.the strength o% a sinj]e crystal.

Whether the claim is valid is left for the reader to judge. In any case,
it seems reasonable to allow ten or more grains across the smallest dimens ion

of a test specimen'to obtain a measure of strength unaffected by the ratio

of sample to grain size.

e
9. FRACTURE MECHANICS

From the discusson on the uniaxial and multiaxial loading of ice, it
appears that cracks play-a significant role in determining the strength,
Once nucleated by slip, they may grow,'increase in number density, or
propagdte rapidly if the tensile stress normal to the plane on which they
lie isvsufficiently high. In any case, the resistance of ice to crack
propagation is a factor which must be considered when dealing with the forces

exerted by ice on engineered structures.
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RATIO SAMPLE SIZE / GRAINSIZE

Plot of the peak stress (see Fig. 10) in compression versus
the ratio of sample size to grain size. The grain size was
held constant at 1 mm and the sample diameter varied.
(Taken from reference 45)
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In dealing with fast crack propagation --‘i.e. propagation which is not
accompanied by extensive plastic défofmation--- linear elastic fracture
mechanihs is apprépriate. In this case, the stress intensity factor, K, and
the critical stress intensfty factor, KC’ termed the fracture toughness, are
of interest. When dealing with propagation which is accompanied by elastic
aqd by plastic deformation, then a different approach is needed, one which
incorporates the stress/strain conditions which exist near the tip of the
crack within an elastic/plastic solid. 1In thfs case, the J-integral approach
may be appropriate or a modified(ss) J-integral approach which incorporates
creep deformation. However, unlike linear elastic fracture mechanics,
elastic/plastic mechanics is still in the developmental stages, and so the
use of the concept in engineering design is not as immediate,

Incidentally, in the limit, the J-integral approach meets the K appranh‘

. J is regarded as the general frécture eﬁergy release rate. In the limit it
_is equivalent to 4, the elastic énergy release rate for the purely elastic

case; K and Y are related by the expressions:

K= (EED% (plane stress)
; | Qi)
b
K= (}%%L) (plane strain)

where E is Young's Modulus &gﬂ v is Poisson's ratio.

From the viewpoint of ice ﬁechanics, the tensile strength under rapid
loading and the bend strength are probably determined by the plane strain
fracture toughness, denoted Kie (The 1 denotes mode-T failure (versus II
and II1) where the crack surfaces move directly apart rather than sliding
in-plane {mode II) or tearing anti-plane (mode III).) This parameter is to
stress intensity what the.yie1d strength, ays is to stres;i KIc is the
critical value of the stress intensity where cracks'begin to propagate rapidly,

:: just as the yield strength is a critical value of the app]ied'stress at which
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dislocations begin t§ s]ip. Like oy, KIC is a materials parameter. 1In dgaiing
-with ice which is cracked prior to 1oading,.then the KIC approach is appropri-
éte, provided that the tensile stfesseS'are rapidly applied and that the ice
is thick. .This approach is rout1ne1y used when pred1ct1ng the 1ntegr1ty of
large welded structures which contain cracks w1th1n the ‘welds.
Even under conditions for which its use is justified, linear elastic
~ fracture mechanics appears not to have been accepted by workers concerned
with.ice. One reason appears to be the fact that KIc decreases with increasing
temperature, whereas the reverse happens in metals. This unuéual character-

(56)

ijstic was first noted a decade ago
(29)

and has §ince been verified by a
fairly comprehensive study of the fracture toughness of fresh-water ice,
Figure 14. This effect méy be caused by the formation of a liquid layer on
the surface of ice, a transformation which is thermodynamically stab]e(57)
and which lowers the surface eﬁergy:, the higher the temperature, the thicker
is this layer. Whatever its origin, the effect appears to be real and should
be taken into account. It shou]d'not, however, stand_fn the way of seriously
exploring what may turn out to be a useful_method for predicting the streﬁgth
of cracked or flawed ice. _ _
How does one apply the KIc concept, and what evidence is there fhat it

can meaningfully predict the strength of sea ice, say? Concerning the first

question we may write (following our earlier discussion on tensile strength):

'KIC=Y0/C'. (14)

where o is thé maximum principal stresg (tensile) actiﬁg on a body of ice,

C is oﬁe-han of the crack length, and Y is a geometrical factor of order
uﬁity. Thé-va1ue of KIc is set by the conditions (temperature, Figure 14, and
structure, discussed below) of the ice and by the rate of deformation (also
Figure 14). Thus, for ice containing cracks of a given size, the tensile

-

strength may be estimated directly from equation (14).
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Conéerning the evidence, studies(57) of the plane strain fracture fough-
ness and the bending strength, O3 of sea ice taken from an inland sea in
Japan ("Lake" Saroma) indicate a good correlation between the value of the
crack size deduced from equation (14), using Y = w%,
2
f1c

= 1
t =3 S

s v (15)

and the size of the subgrains within the aggregate. Cracks were run both
from thé top (i.e. ice/air interface) aﬁd from the bottom (ice/water interface)
surfaces of notched and of unnotched beams; 1i.e. they were started in regions
having either a fine (top) or a coarse (bottém) microstructure. The average
values of C calculated from equation (15) were 19 + 5 mm and 2.5 + 1 mm, for
the bottom and top surfaces,'respectively; versus grain diaﬁeters of 20 to
30 mm and 2 to 5 mm. This agreemenf suggests that, in sea ice, the "flaw"
size correlates with the subgrain size. Once known, then the strength in
tension and in bendiﬁg may be predicted from the KIC approach, again for
thick ice rapidly loaded. |
Not surprisingly, the measured values of KIC for the above sea ice were

dependenf upon the scale of the microstructure through which the crack propa-
gr*ed. Cracks started at deep notches on the upper surface propagated
through the coarser materia({near the bottom; alternatively, those started

" at notches on the lower surface propagated through the finer materia1 near the
top; Correspondingly, the fracture toughness associatea with the coarse struc-
ture was lower than with the finer structure -- = 0.05 MPa-m;é versus 0.08 X
0.01 MPa-m%. Nor is it surprising that the fracture foughness of columnar
sea ice was found to be lower thfn that for columnar fresh-water ice, the
latter being 0.11 + 0.02 MPa.mli at -2°c.(28’29) Needle-1ike brine cells of
sea ice probably lead to stress intensification additionai to that caused by

—_—

— a sawn and sharpened notch in a test block, and in the presence.of sea water
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at -2°C (which surrounded the test materia](sz)) grain boundaries may have
become deeply etched, thereby act{ng as further stress concentrators. 1In
other words, the effective crack size in the test blocks may have beenldeeper
than appreciated, implying that the apparent toughness as measured may be
lower than the real toughness. .

In criticizing the KIc measurements made to date, it could bg said that
insufficient ‘attention has been paid to geometrical effécts; i.e. to the
ratio of specimen size to grain size, and to notch acuity. If too small,

. both could lead to apparent values larger than true values. Also, little
attention has been paid to microstructure. Are fine-grained aggregates
tougher than coarse-grained ones, as implied by the results on sea ice?
Similarly, 1ittle attention has been given to possible environmental effects.
Does brine lower KIC? -Attention to guch details would assist the transfer of

* this kind of methodology from solid mechanics to the mechanics of sea ice
and should be incorporated within testin§ programs.

To summarize, fracturé-mechanics should be applied to ice, but care must
be taken in selecting the appropriate fracture tqughness parameter. The
plane strain fracture toughness, KIC’ the J-intregral and even a creep—modified_
J-integral approach are contenders. Which is the most suitable will depend
upon the mass and size of thé ice and on the rate and temperature‘of Toading.
It could be troublesome, for iﬁsténce, to use KIC to predict the force required
to bend a sheet to fracture, given a crack of known depth in from the tensile
surface, if the sheet were thin (relative to the size of the plastic zone at
the top of the crack), if the ice were "warm", and if the load were slowly
applied. The number obtained would not include plastic flow and the stress
redistribution due to'reldxation,and would, therefore, be on the low side,

In engi%eered structures, application of KIC to situations in which the

— approach is not strictly justified leads, if anything, to a conservative
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estimate of the stress which a flawed structure can bear, and this is useful.
In ice mechanics, on the other hand, such estimates are of 1ittle value when
the number of interest is the highest possible force which is needed to break

the ice. 1In other words, fracture mechanics should be used in dealing Qith

flawed ice, but used wisely.
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10. CONCLUDING REMARKS

To summarize, ice Ih has been viewed within the context of materials
sciencé, with the goal of obtaining insight into its mechanical properties.
Constitutive relationships previously published and based upon materials
paréﬁeters have been discussed, and deformation mechanism maps, derived from
such relationships, presented. Strength both.in tension and in compression
has been considered, and explanations have been generated which incorporate
plastic flow both on "soft" and on “hard” slip systems plus crack nucleation
and growth. The effects on strength of hydrostatic pressure and of general
multiaxial loading (in the all-compressive octant) have been analyzed, and a
"working hypothesis" invoking the idea of a critical shear stress presented
for estimating strength under such conditions. Also considered are the
possible/probable effects on strength of grain size, sample to grain size ratio
and surface condition, the last point leading to a propbsed'triterion for the
annealing out of poséible machining damage. Finally, fracture mechanics has
been discussed with emphasis on the role of this modern development in solid
mechanics in predicting the strength of flawed ice.

A number of problems hgve arisen as a result of this study and are listed

where appropriate in the text. Noticeable is- the recurrence of gquestions con-

" cerning cracks. Once nucleated, do these features grow under a constant stress?

If so, how quickly? 1Is there, as proposed, a critical crack number density.
necessary to trigger slip on "hard" systems? Is the ratio of the compressive
strength (at high deformation rates) to the tensile strength equal to eight
for pre-cracked ice containing relatively large and randomly oriented flaws?

How ductile is ice when crack growth is suppressed by hydrostatic pressure or

*

by general multiaxial Yoading? And does the average size of the largest grains (and

hence crack), and not the average grain size, determine the strength of an
uncracked polycrystal when loaded in tension? Related are qdestions regarding

the appropriate fracture mechanics parameter which governs the strength of
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thick and of thin fiawed ice sheets loaded either rapidly or slowly in tension,
and attendant questions concerniﬁgAthe effects of environment (e.g. brine),
microstructural scale and specimen size on fracture toughness.

_ As noted in the Introduction, some of the comments and analysés and,
hence, the questions arising are tentative.. Hopefully, however, they will
be of value in interpreting the results of test programs. Hopefully, too,

they méy help to chart further studies of this novel material.
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THE VELOCITY OF ULTRASONIC WAVES THROUGH SEA ICE TAKEN FROM
PRESSURE RIDGES‘WITHIN THE BEAUFORT SEA

ERLAND M. SCHULSON
April 26, 1982

ABSTRACT
Experiments have revealed that the velocity of longitudinal ultrasonic
waves (106 cps) through ice taken from pressure ridges within the Beaufort Sea
is 3840 + 120 m/sec at approximately -22°C, osgensibly independent of the
depth beneath the surface f;om which the ice wa§ taken. In view of thfs
result and of the variability of the ice examined, it is probable that the

velocity of sound will not correlate with the strength of this material.

1. INTRODUCTION

Ultrasonic inspection is a non-destructive method of detecting internal
flaws within solids. Waves of high frequency (typjca]Iy, 1 to 25 MHz) tréveT
rapidly through material (= 6000 m/sec, steel; = 4000 m/sec, ice), attenuate,
and reflect off interfaces. Either the wave velocity, the degree of.attenuation,
spectral analysis, or echoes.may be used to reveal defects.

For several years, researchers at the Southern Research Institute have been
using this method to characterize cast iron.(l) 'They'find that wave velocity
in the axial direction of cylindrical castings correlates rather well with
the axial tensile strength. Specifica1iy, as the axial velocity decreases,
owing to increases in the ratio of the surface area of graphite to the volume
of’the metal, the strength decreases. The sensitivity ig such that a two-fold

decrease in velocity corresponds to about a four-fold decrease in strength.(l)

With this correlation in mind, the question arose: Does the velocity of

—

sound through sea ice originating in pressure ridges correlate with the
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strength of this material? Like cast iron, sea ice contains an array of
defects ranging from spherically $haped fe&tures (bubbles and brine poékets)
to flake-1ike features (cracks), all of which may affect the strength:

To answer this question, a small experimental study has been initiated.
The work to date has dealt specifically with sonic velocities and is summar-
ized here. Llater work, proposed below, will measure the strength of the test
pieces'used here and will examine the mfcrostruct&re of the same specimens.

When completed, the work will afford a firm answer to the question.

2. EXPERIMENTAL

2.1 Material
Both naturally occurring sea ice and artificially grown fresh-water ice

were examined, the 1at;er as a referencg. The sea ice had been collected in
. the form of cylindrical cores iﬁ April 1981 from pressure ridges within the
Beaufort Sea, as part of the Shell/CRREL program on sea ice. From this source,
specimens for the present study were selected to include what is anticipated

to be a broad range of structures,ranging from low-density snow ice to

higher density sea ice. Included, thereforé, were

two specimens from within 100 cm of the surface (expected to be granular snow
ic@, two from deeper (250 to;§13 cm) within a ridge (denser and probably
columnar grained), plus two froﬁ stil1l deeper regions (360 to 400 cm) in which
the salinity was the highest. Two of these specimens were right, solid
cylinders, 10.7 cm in dfameter and 25.4 cm in length. The other four, also
solid cylinders of the same length, had slightly reduced gauge sections

(10.2 cm diameter) and had fastened to both ends "synthane" end caps. (The
caps, unfortunately, had to be removed prior to measuriné axial velocity.) The
table in the next section lists the specimens according to the Shell/CRREL

designation and gives the densities and the calinities.

e
—
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The fresh-water ice was grown in the laboratory from deionized and
degassed water. The specimens also were right solid cylinders, buf slightly
smaller -- 9.1 cm in diameter and 23.1 cm in length. Two specimens were pre-
pared, each of equiaxed and randomly oriented grains. One was compriged of
fine grains, 1.0 mm in diameter;* the other, of coarse.grains 5.9 mm in

diameter.

2.2 Transportation

The méasurements were performed April 13, 1982 at the Southern Research
Institute, Birmingham, Alabama, through the gracious cooperation of Drs.
Charles Bates, John Koenig and Dale van Wagoner. To.facilitate transportation,
the specimens were placed into separate plastic bags, packed with twelve cold
packs ("X-Cold Bricks", Pelton Shepherd Inc.) into a “freezer pack" and pfo-

_ tected with snow. The'freezer'pack is Eimp]y a polystyrene box (=.5.1 cm thick

walls) contained within a cardboard shell. The entire package was placed for

three days into a cold rdom at -30°C and then, just before shipping, "topped

off" with 2.3 kg of dry icé. Once coo]ed,'the package was held at temperatures
around room temperature for a period of 56 hours (i.e. during the return trip .
from Hanover to Birmingham) without melting. In fact; the cold bricks, which

melt at -12°C, were still ngid after the trip.

2.3 Measurement of Ve1ocity'

A The ice cylinders were immersed into a bath of "mineral spfrits" which,
through the use of dry ice, had been cooled to and maintained at -22 + 1°C,

Figure 1. (The actual temperature of the ice during examination, although not know
with certainty, was between -30°C, the temperature at the start of the journey,

and -12°C, the temperature at which the cold packs soften. The estimated

temperature is around -22°C, which is close to the average of the extremes and

*The grain size corresponds to the average spacing between grain
boundaries as seen on planar sections under polarized illumination.
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Figure 1. Photograph showing a specimen of sea ice immersed in a
bath of mineral spirits. The transducers, which are
located at but not attached to both ends of the
cylinder, are just visible beneath the surface.

\
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the same as the bath temperature.) The soni; frequency was 106 cps, and was
selected on the basis of previous experienée at the Southern Researhc Insti-
tute with coarse-grained materials. Prior to immersion, the length and diameter
of the specimen were accurately measured, and the velocity of sound through
the bath was experimentally determined for use in subsequent analysis. Sonic
pulses were generated and detected using transducers made from BaTiO3.

Velocities were measured across tﬁe diametef and along the length of the
cylinders. The diametral velocities were obtained at ten positions, at five
points along the axis for one orientation of the specimen and at five more
points after rotating the specimen by 90° about its axis. Measurements of the
axial velocities were made at five positions across one diametral chord.

A11 data were collected, stored and processed with the aid of Tektronix
instrumentation, Figure 2. The-author.witnessed'every test and Dale van Wagoner

of SouthernResearch Institute directed every test, Figure 3.

3. RESULTS
The table lists the results plus the designation, the density, the sa11n1ty, anc

comments about the quality (visually determ1ned) of each spec1men Owing to

~ the constraints of time, on1y radial velocities were measured on the equiaxed
and randomly oriented fresh-water ice, and only axial velocities were measured
on three of the six specimens of sea jce. Unless tabulated, the deviation

from the average measurement was less than 10 m/sec.

6 cps) the

The results show that under the test conditions (= -22°C; 10
velocity of longitudinal ultrasonic waves through ice is relatively insensitive
to the source of the material. For instance, the difference between the
velocity through equiaxed and randomly oriented aggrega%es of fresh-water ice
(3918 ﬁ/sec; specimens 1 and 2) and that through lower dénsity, high salinity

=

sea ice (3997 m/sec; specimen.8) is less than 2% of the reference velocity.
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Figure 2. Photograph showing the equipment (Tektronix electronics)
used in the measurements of ultrasonic velocity
through ice

Figure 3. Photograph showing the author (foreground) and
Dr. Dale van Wagoner witnessing a series of
measurements on one specimen.
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Velocity of Sound Through Sea Ice at Approximately -22°C

~

Salinity

( Velocity i Comments on
: , : parts per m/sec Structure/
Specimen Densm;y thousand (m/sec) Quality
No. Designation* |(g/cm”) by weight)] Axial Radial of Ice
1 PL-41-fw 0.916 0. - 3918 d=1.0 mm**
2 PL-43-fw 0.916 0 - 3915 | d=5.9 mm
3 R2A 45/72 0.825 ~0.28 3898 - snow ice;
. 1 void
4 R2A 75/10z 0.843 0.79 3504 3604 sheets
+ 20
5 R1D 250/277 0.910 0.96/2.32 3830 4058 grey ice
, ; + 32
6 R1C 286/313 0.916 2.43 3910 4000 grey ice
+ 40
7 R1D 363/390 0.903 "3.13 3884 + 18 - grey ice with
breccia
8 R1D 392/419 0.886 3.13 .3997 - clear, white
ice over half
length; rest
bubbly -

*f.w. = fresh water ice.

The designation of sea ice is the one used in the Shel1/CRREL program.
For instance, R2A 45/72 means that the specimen was taken from site A
within ridge 2 and that its top and bottom surfaces, respectively,
correspond to depths of 45 and 72 cm.

**d = average grain size as described in Section 2.1
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Over the complete fange of material tested, the velocity varies by less than
. 500 m/sec; i.e. by - 104. '

Ostensibly, the results as a whole also suggest that the sonic velocity
in sea ice does not vary in any consistent manner with depth within
the ridge. Rather, it seems that ve]éc{ty is best expressed as an
average of 3840 + 120 m/sec. 1t is possible, however, that the velocity
increases very slightly with depth once the super%icia1 snow ice has been
penetrated, judging from the results obtained from three samples taken from
one site within one ridge (specimens 5, 6 and 8).

In the cases where both the axial and the.radia] velocities were measured,
the latter are consistent]} about 3 to 4% higher than the former.

Generally, the degree to which the intensity of the ultrasonic wave
decreased as it passed through the samples showed 1ittle variation from one
specimen to another or from one position to another on a given specimen.
However, in one case, specimen 4, the attenuation accompanying radial trans-
mission varied by a factor of approximately 1.5. Figﬁre 4 illustrates this
point. The added attenuation in this case is attributed to the presence.of
sheets of voids which could be seen by the unaided eye to be aligned approxi- ‘
mately in a radial direction. Extra reflections, presumably, occurred from

the ice/void interfaces.

4, DISCUSSION

The result that the ve]oéity of sound through ice is relatively insensitive
to the origin of the material means that ultrasonic inspection, as utilized
here, offers 1ittle scope as a method for quickly characterizing sea ice.
Tﬁerefore, unlike the case with cast iron, it is highly hrobable, although not
certain until mechanical testing and structurquexaminations have been performed,

= that the velocity of sound will not correlate with the strength of sea ice taken

from pressure ridges.
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S
LY NP OR pat vy

Photographs showing the attentuation in the amplitude
of an ultrasonic wave as it traverses in a radial
direction one specimen (No. 4 in tahle) at two
separate locations along its axis. Note the greater
degree of attenuation in (b), corresponding to
propagation through a region containing sheets of

voids radially aligned.

(a)

(b)
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This is not to say that ultrasonic inspection in every form would be of
no use in characterizing test material. Attenuation offers a potentiaT tool,
as does pulse - echo analysis. Both variations, however, would require
extensive development incorporating standards having well characterized defects.
Yet, even if these variations were developed, it is probable that, unlike the
case with velocity, interpretation would not be unambigubus.

At this juncture, therefore, it appears that ultrasonic inspection holds
little promise as a non-destructive method for rapidly characterizing ice.

It could be argued that this conclusion, particularly as it relates to
ultrasonic velocity, is valid only for frequencies arouﬁd 106 cps. Yet,
higher frequency signals result in smaller wavelengths which may lead to
extensive scattering in.aggregates as coarsely struétured as sea ice and,
correspondingly, to invalid inspections. And lower frequency signals could
possibly result in relaxation effects which could inva]idate the results.

An implication of the results is that Young's modulus varies, given the

variation in density and relative constancy of velocity.

4. CONCLUSIONS _
1) The velocity of longitudinéf ultrasonic waves (106 cps) through ice
taken from pressure ridges within the Beaufort Sea and cooled to

approximately -22°C is 3840 + 120 m/sec.

2) The velocity appears to be independent of the depth beneath the surface

from which the ice was taken.

3) Although uncertain, it is hxghly probab]e that the ve]oc1ty of sound

will not correlate with the strength of this material.

\\
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5. RECOMMENDATIONS ]

In the interests of completiné the study, it is recommended that Shell
authorize G. Cox of U.S.A. CRREL to bond end caps to two of the speciméns
and to re-bond end caps to the other four specimens to allow both mechanical
testing under uniaxial compression at -20°C and at a strain rate of 10'3 sec'1

and structural examinations of deformed aggregates.
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Appendix 2
COMMENTS ON THE ARRHENIUS DESCRIPTION OF DEFORMATION

From the discussion attending the constitutive relationships, we note
that at all levels of stress the strain rate is expressed by an equation which

“U/KT " uhere Q is an apparent activation

contains an exponential function, e
energy, T is temperature (absolute), and k is Boltzmann's constant. Although
not explicit in the formulation for diffusional creep, the function is implicit,
because diffusion coefficients, both for bodndary and for volume (or lattice)

)

transport, contain it. It has been sugg.;ested,(35 however, that such a descrip-
tion has no special merit as a mathematical description of thermal dependence

on the basis that the significant properties of the function appear only at |
temperatures far above those at which ice exists.

-Q/kT may be regarded as the probability that thermal energy

Physically, e
(kT) provides to an atomic array a fluctuation in energy equal to or greater
than Q. The higher is Q or the lower is.T, the lower is the probability that
this will happen. Consequently, at a given temperature, processes having a
high activation energy have a lower probability of being activated than ones
having a low Q. Similarly, a given process has a higher probability of being

/KT has sound

thermally activated the highér is the temperature. Thus, e Q
physical meanihg because it ‘has a firm basis in statistical mechanics.

To note that e"Q/kT has no significant properties at low temperatures
is somevwhat misleading. On a linear scale, it may appear to be doing nothing
as temperature changes up to the melting point'of ice. Yet on a semi-log
scale the function rises rapidly with temperature, and it is this latter
character which is so important.

Even though Q increases with teﬁperature in polycrystals deformed above.
about -10°C, this is no reason to discredit the description, for in this range

of temperature the dominant strain-producing mechanism is changing with

temperature.
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Thus, there is good physicaf reason for maintaining the exponential

description of the variation in deformation rate with temperature.
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Appendix 3
FLOW STRESS IN RELATION TO THE PRESSURE MELTING POINT

As hydrostaiic pressure increases, the melting point of ice decreases,
at the rate of 1°C per 10 MPa. As a result, ice which is held at one tempera-
turé -- say at -10°C -- is brought closer to its melting point.‘ For instance,
if the hydkostatic pressure is increased from atmospheric pressure to 50 Mpa,
then the homologous temperature of ice, held at -10°C, is increased from
%g% = 0.96 to %%% = 0.98. Accordingly, the flow stress decreases when the
rate of strain is held constant.

To account for this effect, it is suggested that the phenomenologiﬁal
constitutive equation (No. 5, p. 13) be written to include temperature, T,

explicitly, and to include the hydrostatic component, Ops of the stress state.

Thus, the shear strain rate, §S’ may then be written as:

“Qerf./kT

Yg Bog e (A3-1)

where B and n are materials constanis, Og is the equivalent shear stress,
~and k is Boltzmann's constant. Qeff.'is the effective apparent activation
energy for plastic flow and is scaled re]étive to the effective melting point.
In other words, of the paramters united in equation A3-1, the activation energy
is the one to display the‘effect of hydrostatic pressure. It does this via

the expression:

T ee (m.p.)
- eff. _
Qeer. = Ty % (A3-2)
where Teff f.p.) is the eftective melting point reflecting the hydrostatic

pressure, Tb is the melting point at atmospheric pressure, and Q0 is the
activation energy at atmospheric pressure. Hydrostatic stress is incorporated
via the fe]ationship:

—

(m.p.) " _
Tes, = T, -Xg,  (R3-3)
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where X= 0.1 K/MPa. Here, o, is algebraically greater than zero for a
compressive stress., Equation A3-1may then be rewritten to incorporate hydro-

static pressure (i.e. Oh) directly:

X o
]

| q '
¥ = B o exp {-ﬁu-—fgﬁ)} | (r3-4)

The flow stress may then be obtained by rearranging equation A3-4.
This analysis suggests that if the hydrostatic pressure is increased from

one atmosphere to 50 MPa, then the flow stress of ice at -10°C will decrease

by about 20%, for a fixed rate of strain, assuming that Q0 = 0.8 ev/atom =

76.8 KJ/mole and that n = 3.
It is emphasized that this analysis is a phenomeno]bgica1 approach to the
problem of accounting for the effects of hydrostatic pressure on the flow

stress. A physical approach is more desired, but must await a more detailed

understanding of the mechanism (vacancy-assisted? interstitial-assisted?)

underlying plastic flow in ice very near to its melting point.
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) - Appendix 4
GRAIN GROWTH IN ICE AT -10°C

Figure A4-1* shows a thin (=~ 0.5 mm) polycrystalline aggregate of fresh
water ice, formed on a substrate of glass, which was held at -10°C for seven
days. Figure A4-2 sths another aggregate, doped with NaCl (1.71 x 10'2 M
NaCl initial solution), also held for seven days at -10°C. For comparison,
this figure also shows the aggregates after holding for one-half houar at -10°C.
There is 1ittle doubt that grain growthoccurs under these conditions. In
both cases, doped and undoped, the average grain diameter increased from

around 0.15 mm to 1 mm within one week.

It could be argued that the phenomenon noted above is influenced by the

. high surface to volume ratio of the thin specimen; i.e. by the free surface.

On the other hand, when cognizance is taken of the fact® that the growth of
fine grains (< 1 mm) in bulk ice at -ld°C occurs at about the same rate as
that in thin sections cut froh the.same piece of ice, then the suggestion on
page 36 of the text that significant growth probably occurs in fine-grained- .

bulk ice during storage at -10°C becomes meahingfu].'

*H.H.G. Jellinek and V.K. Gouda: Phys. Stat. Sol. 31 (1969) 413

+A. Gow, USA-CRREL, Hanover, N.H.: unpublished results (personal
communication, May 1982)
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g. 1. , —10 °C, half hour after prepara- 1. 3. Pure ice, —10 °C, seven days after preparation
Fig. 1. Fure ieetlom of lpe?:n;en (65x) (25x)
1/2 hour 7 days

Figure A4-1. Optical micrograph showing grains of ice within

a thin polycrystalline aggregate held at -10°C for

1/2 hour and for 7 days (H.H.G. Jellinek & V.k. Gouda,
Phys. Stat. Sol. 31 (1969) 413
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Fig. 4. Doped fce (1.71 x10* M KaCl fnitial solution), | - : 3
10 *C, one half-hour old (65 x ) ; Fig. 8. Doped ice, —10 °C, seven days old (25x) |

1/2 hour 7 days

Figure A4-1. Optical micrograph showing grains of ice within a
thin polycrystalline aggregate, doped with NaCl,
held at -10°C for 1/2 hour and for 7 days.

(H.H.G. Jellinek & V.k. Gouda, Phys. Stat. Sol. 31
(1969) 413
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